The performance of acid-modified coal fly ash (CFA) was tested for use as a catalyst of a Fenton-like process in p-nitrophenol (p-NP) wastewater treatment. The results show that HNO 3 -modified coal fly ash (HFA) has a better catalytic capacity (96.6% p-NP removal rate) than those (<92% p-NP removal rate) of CFA modified by other acids (HCl, H 2 SO 4 , and H 3 PO 4 ). The removal rate of the p-NP by the adsorption of HFA is less than 2.96%, which can be thought of as negligible compared to that removed by the catalytic oxidation process.
Introduction
In recent years, signicant progress in treating refractory wastewater has been achieved by the application of advanced oxidation processes (AOPs). A common feature of AOPs is the generation of hydroxyl radicals (cOH), which can decompose refractory organics effectively due to their strong oxidising ability (E 0 ¼ 2.8 V). The Fenton process, as a classic AOP, can generate cOH via the reaction of Fe 2+ with H 2 O 2 . The reactions that occur in the Fenton process can be described as follows: 
cOH + organics / intermediates / inorganics
Although the Fenton process can oxidize a wide variety of organics, and is even be able to destroy them to produce carbon dioxide (CO 2 ), water (H 2 O) and inorganic salts (eqn (6) ), the recycling of the catalyst (Fe 2+ ) cannot be easily achieved, leading to the generation of sludge containing Fe ions. The treatment of the sludge is expensive in terms of labour, reagents, and time, and is complex in operation. Thus, exploring a novel solid catalyst that can be used in heterogeneous Fenton-like processes is necessary.
Coal y ash (CFA) is produced from steel mills and coal-red power plants. Over 300 billion tons of CFA is produced every year in the world. 4 Even now, CFA is still mainly treated by means of landll, causing severe environmental pollution because of the leaching of the metallic elements that are contained in CFA. Thus, proper treatment of CFA is required. Over the years, many studies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] have revealed that pre-treated CFA can be used as an effective low-cost adsorbent for the removal of organic and inorganic metallic elements (such as arsenic, nickel, calcium, copper, iron and manganese ions) in wastewater. However, the catalytic property of CFA has not attracted enough attention and just a small number of studies [15] [16] [17] have been conducted until now. Reassuringly, these studies show that the application of pre-modied CFA as a heterogeneous catalyst could have enormous potential due to the existence of transition metal oxides. The modication of CFA can be achieved by acid modication, alkali modication, and thermal modication. [18] [19] [20] However, alkali modication and thermal modication can introduce alkaline substances and destroy the space structure of CFA, respectively, which have adverse effects on the catalytic capacity of a catalyst. Therefore, acid modi-cation is always used to prepare the target catalyst.
The contamination of aquatic environments by chemical pollutants has been a major issue in recent years. p-Nitrophenol (p-NP) is typically one of the most refractory substances that is present in industrial wastewater, due to its high solubility and stability in water. p-NP exists in wastewater from a number of industries, such as textiles, paper and pulp, plastics etc., and is considered to be a hazardous chemical pollutant. The use of p-NP has been seriously controlled by the U.S. Environmental Protection Agency. 21 The maximum allowed concentration in water is in the range 1-20 ppb. Hence, its removal from industrial effluents is an important practical problem.
In this paper, in order to promote the application of CFA, a comprehensive study about CFA modication using HNO 3 (HFA) was conducted and its catalytic capacity was investigated by catalysing a heterogeneous Fenton-like process to degrade p-NP in wastewater. Firstly, the preparation conditions of HFA were optimized aer choosing HNO 3 as the proper acid in the modication, and then the removal kinetics of p-NP in wastewater were investigated. Aer that, the reusability and stability of HFA were tested. Finally, the catalytic mechanism of HFA was proposed based on the investigation of (I) the effect of the HFA adsorption capacity, (II) a comparison of the chemical and physical features of HFA with those of CFA, and (III) the possible reactions that occur on the surface of HFA and in the solution.
Materials and methods

Chemicals and reagents
p-NP (analytical grade) was purchased from Tianjin Kermel Chemical Reagent Co., Ltd., China and was used without any further purication. The p-NP wastewater (100 mg L À1 ) was prepared directly by diluting solid p-NP into distilled water. The hydrogen peroxide (H 2 O 2 ) (30%, w/w), sodium hydroxide (NaOH), nitric acid (HNO 3 ), sulphuric acid (H 2 SO 4 ), hydrochloric acid (HCl), and phosphoric acid (H 3 PO 4 ) that were used in this work were of analytical grade. H 2 O 2 was used directly without dilution. NaOH and different acids were dissolved and diluted, respectively, with distilled water to achieve the target concentrations. The CFA that was used was purchased from a coal-red power plant in China (source not revealed due to a condentiality agreement).
Preparation of HFA
Due to the existence of some impurities (such as bers and alkaline substances) on its surface, the CFA was rst washed repeatedly and adequately with distilled water before modi-cation until the pH of the supernatant was equal to the pH value of distilled water. The loading of CFA in distilled water was 10.0 g L À1 . We used adequate agitation to promote the washing quality. Aer 12 h, the mechanical agitation was stopped and the mixture was precipitated and separated. Aer the washing, the washed CFA was dried at 105 C until the weight did not change.
During the stage of modication, the washed-dried CFA was soaked in a 1 mol
The mixture was stirred using a magnetic stirrer (350 rpm) for 4 h. Subsequently, the mixture was precipitated by gravity, layered, and ltered using a vacuum lter. The solid that was obtained aer the ltration was dried at 105 C until the weight stayed constant. The CFA obtained aer the above processes (i.e., HFA) was stored in a drying basin for the following experiments.
2.3 Treatment procedure of p-NP wastewater 100 mL of p-NP solution (100 mg L À1 ) with a pH pre-adjusted using NaOH and HNO 3 was prepared in a beaker (500 mL), and the temperature of the solution was controlled using a water bath. Aer the temperature reached the determined value (AE1 C), a certain amount of HFA was added into the solution and mixed using a mechanical agitator. The wastewater treatment started as soon as H 2 O 2 was added into the beaker. During the reaction, the mixture was sampled at specic time intervals. Meanwhile, the NaOH solution was added into the sample immediately to stop the catalytic oxidation process. All of the samples were ltrated using a vacuum pump and the ltrate was analysed to determine the concentration of the residual p-NP.
In the study of the reusability and stability of the HFA, the solid that was separated from the treated wastewater was washed using distilled water and dried until a constant weight was achieved at 105 C. Aer that, the used HFA was reused again until the removal efficiency of p-NP had an obvious decrease. For the investigation of the adsorption effect of the HFA, the adsorption isotherm was measured under xed experimental conditions (the reaction temperature was 25 C, the reaction time was 60 min, which is long enough to reach to the adsorption equilibrium, the pH was 2.0, the HFA loading was 10.0 g L À1 , and the V p-NP value was 100 mL) while only the p-NP concentration changed (1, 3, 7, 10, 15, 20, 30, 40, 50, 60, 70, 80 , and 90 mg L À1 ). The maximum adsorption capacity of the HFA was obtained from the adsorption isotherm.
Characterization of HFA
The surface morphology of CFA and HFA was measured using a BET (Brunauer-Emmett-Teller) automated analyser (QUAD-RASORB). The analysis gas, outgas time and outgas temperature were nitrogen, 5.0 h and 300 C, respectively.
The chemical composition of CFA and HFA was determined using X-ray uorescence spectroscopy (XRF-1800). The maximum pipe pressure, maximum current, scanning speed, the temperature of the spectrum chamber, and power were 40 kV, 90 mA, 20 min À1 , 30 AE 0.1 C, and 36 kW, respectively.
The morphology of the samples was analysed using scanning electron microscopy (SEM, JEOL, Japan) with an acceleration voltage of 15 kV and a current of 2 Â 10 À11 A. The ambient temperature and humidity were 16 C and 60%, respectively.
The crystal structure of the samples was determined using Xray diffraction (XRD) (Bruker, Germany) at room temperature with monochromatic high-intensity Cu K a radiation (l ¼ 1.5406 A), an accelerating voltage of 40 kV and an emission current of 30 mA. The scanning range of 2q and the scanning speed were 10-70 and 4 min À1 , respectively.
Analytical methods
Due to the fact that p-NP has its maximum UV-vis absorption peak at 400 nm at pH > 11 ( Fig. 1) , the concentration of the residual p-NP in wastewater aer the treatment was measured using a UV-vis spectrophotometer (JASCO V-560, Japan) under the above conditions. The removal rate of p-NP was calculated by:
where C 0 and C t are the initial and instantaneous concentrations of p-NP (mg L À1 ).
Results and discussion
Effect of the acid type
Some studies [22] [23] [24] [25] show that the acid type has an effect on the catalytic capacity of HFA. In this work, four different acids (HNO 3 , HCl, H 2 SO 4 and H 3 PO 4 ) were chosen and tested. The results are given in Table 1 . We can see that the CFA modied by H 3 PO 4 has the worst performance in the catalytic degradation of p-NP (87.9% for the p-NP removal rate) while the HNO 3 -modied CFA has the best catalytic capacity (96.6% for the p-NP removal rate). Additionally, the CFA modied by HCl and H 2 SO 4 has intermediate performance.
The difference could be caused by the different ionization equilibrium constants (calculated using eqn (8) and (9)) of the acids and the corresponding calcium salt. During the H 2 SO 4 modication, the generated CaSO 4 and Ca(HSO 4 ) 2 are weak electrolytes and can cover the surface of HFA. In contrast, the CaCl 2 and Ca(NO 3 ) 2 can completely dissolve in water with no possibility of covering the surface of HFA. This could be the reason that the H 2 SO 4 -modied CFA has a weak catalytic capacity compared to that of HNO 3 and HClmodied CFA.
As for the HCl and HNO 3 modication, both of the two acids and the corresponding calcium salts are strong electrolytes, and the "cover effect" cannot occur. The difference in the catalytic capacity of HNO 3 -modied and HCl-modied CFA still needs further study.
Optimization of the inuencing factors on Fenton-like processes and the proposed degradation product of p-NP
Previous studies 26, 27 show that the variation of the treatment time, H 2 O 2 dosage, catalyst loading, wastewater pH and mixing speed have an effect on the treatment efficiency of wastewater. Therefore, they were investigated in detail in this work. Fig. 2 shows the effect of the above parameters on the removal rate of p-NP. We can see that the H 2 O 2 dosage, HFA loading and mixing speed have a similar effect on the p-NP removal rate, namely, insufficient H 2 O 2 dosage, HFA loading and/or mixing speed could cause the decrease of the removal rate of p-NP. The removal rate reaches a plateau when the H 2 O 2 dosage, HFA loading and mixing speed reach the critical point (H 2 O 2 dosage ¼ 170 mg L À1 , HFA loading ¼ 10.0 g L À1 and mixing speed ¼ 150 rpm). It is economical to set the three critical points as the optimum values to achieve the best p-NP removal efficiency simultaneously. Fig. 1 The absorption curve of p-NP. 
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The treatment time and pH have a distinct effect on the removal rate of p-NP. For the reaction time, the p-NP removal rate rstly rapidly rises and then reaches a plateau aer 60 min. For the pH, the p-NP removal rate has its highest value at pH ¼ 2, and a lower or higher pH has a negative effect on the effective treatment of wastewater.
According to the statement above, we can pick the optimum experimental conditions, i.e., reaction time
mixing speed ¼ 150 rpm. In this situation, the removal rate of p-NP is no less than 98%. The results in some previous studies [28] [29] [30] show that the addition of an organic acid is helpful to increase the degradation of the pollutants. Because citrate and oxalate are typical in these kinds of studies, 26 the effects of citrate (0.5 mmol L À1 ) and oxalate (0.5 mmol L À1 ) on the removal rate of p-NP were investigated, under the optimal experimental conditions that are given above. We nd that the addition of an organic acid can decrease the removal rate of p-NP from 98% (without adding the organic acid) to 71.8% (adding citrate) and 77.6% (adding oxalate). This result is different from those of some studies.
28-30
The experimental conditions used in these cited papers [28] [29] [30] are different from ours, i.e., all of the studies in the cited papers are carried out under the irradiation of light (ultraviolet or visible light), which can obviously promote iron redox cycling by the reaction of Fe
In our study, we do not apply the photo-Fenton process, so the redox cycling of iron cannot occur. Instead, the active sites of HFA are occupied and a portion of the cOH radicals is consumed competitively by the organic acid.
The degradation product/path of p-NP has been previously investigated in some studies. [31] [32] [33] From these studies, we can nd the analogous degradation path of p-NP. Hydroquinone (HQ) and 4-nitrocatechol (4-NC) can always be produced by the attack of cOH on the nitro-group of p-NP and the entering of cOH to the ortho position of p-NP. Meanwhile, the two products (HQ and 4-NC) can react with cOH to form 1,2,4-benzenetriol (1,2,4-BT) . 31, 32 Further reaction of 1,2,4-BT with cOH can generate some chain organic compounds, such as maleic acid, fumaric acid, oxalic acid and formic acid, by opening the ring.
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These chain compounds can be oxidized further by cOH as well to carbon dioxide and, eventually, water.
Kinetics of p-NP degradation
The hydroxyl radical, as the strong oxidative radical, can be generated in heterogeneous Fenton-like processes and attack p-NP molecules as shown in eqn (10) .
Its kinetics procedure can be characterized using:
where k i is the intrinsic reaction rate constant (L mol À1 s À1 ).
Assuming the concentration of cOH remains constant, eqn (11) becomes:
Therefore,
where (4) and (5)). Both of the two side reactions inhibit the effective utilization of H 2 O 2 and the rapid oxidation of p-NP.
When the H 2 O 2 dosage is decient (85 mg L
À1
), the removal rate of p-NP would have an obvious decrease due to the insufciency of the oxidizing reagent (cOH). The results in this work are in good agreement with the results in the previous studies. Table 4 . As shown in Fig. 4 , the experimental data presents sound pseudo rst-order kinetic behaviour. According to Table 4 , the k ap value increases from 0.006 to 0.236 min À1 over the whole range of HFA loadings.
Thus, the optimal HFA loading in this work "seems" to be more than 20.0 g L À1 . However, before determining the "true" of HFA, but it also doubled every factor during the preparation of HFA, including, but not limited to: the workload, working hours, and raw materials. Thus, although increasing the HFA loading can theoretically accelerate the removal rate of p-NP, it must be controlled properly in practical applications. In this work, an HFA loading of 10.0 g L À1 with a degradation rate constant of p-NP of 0.138 min À1 is enough, and increasing the HFA loading further cannot increase the wastewater treatment efficiency obviously any more, but it does raise the treatment costs dramatically.
pH.
The initial pH has a signicant inuence on the heterogeneous Fenton-like process during the treatment of organic wastewater.
40-42 Fig. 5 shows that the removal of p-NP complies with pseudo rst-order kinetics behaviours according to the tting curves of the reaction time versus ln(C/C 0 ) (see eqn (13) ). The maximum absolute value of the slope (k ap ) emerges at a pH of 2.0 (0.138 min À1 ) ( Table 5 ). At pH ¼ 2.0, the removal rate of p-NP is 97.8% at 40 min. When the pH is lower or higher than 2.0, the value of k ap decreases sharply, i.e., k ap ¼ 0.007 versus pH ¼ 1.0 and k ap ¼ 0.002 versus pH ¼ 3.0 (Table 5) . In this situation, only 44% (pH ¼ 1.0)/12.5% (pH ¼ 3.0) of the p-NP is removed aer 60 min. By comparison, controlling the pH at pH ¼ 2.0 is better in the case of pursuing a higher removal efficiency of p-NP.
When the pH increases from 2.0, the oxidation ability of the heterogeneous Fenton-like process decreases due to deactivation of the ferrous ions. At a lower pH range (pH ¼ 1.0), H 2 O 2 could be stabilized to H 3 O 2 + , as shown in eqn (15) , which can decrease the production rate of cOH indirectly. 43 In addition, the 
, and pH ¼ 2.0). 
Temperature.
The results in this work show that raising the wastewater temperature can accelerate the elimination of p-NP. 98% of the p-NP is removed at 5 min at both 50 C and 75 C, while only 9.3% is removed at 25 C. It is difficult to know the residual concentration of p-NP at <5 min because the reaction time is too short to determine it exactly when relying on the current instruments. However, we can speculate that 98% of the p-NP could have been removed in less than 5 min at 75 C.
In light of the above results, the HFA has a sensitive response to a change in temperature. This feature is benecial for the treatment of wastewater with a higher temperature than room temperature. The determination of specic degradation kinetics of p-NP within 5 min can be realized by online detection in later work. The previous studies 45, 46 considered the effect of the temperature as well, but not adequately. Considering the results in this work, a detailed study of the inuence of the temperature on the catalytic capacity of modied CFA is necessary.
Reusability and stability of HFA
For the heterogeneous Fenton-like process, evaluating the reusability and stability of the catalyst is signicant for the purpose of industrial implementation because it is related to the cost of the wastewater treatment. The results in this study reveal that the pH has a remarkable effect on the dissolution of Fe due to the reaction of iron oxide on the surface of HFA with H + in the solution. Considering the fact that the catalytic capacity of HFA is mainly from the Fe element, 4,15 the loss/ leaching of Fe from the surface of HFA will denitely affect the reusability and stability of HFA and then, inevitably, it will further affect the treatment efficiency of organic wastewater.
The reusability of the HFA was evaluated under the reaction conditions of HFA (20. 
), pH 2.0 and a temperature of 25 C. The catalytic behaviour of HFA was tested in 14 consecutive experimental runs. As shown in Fig. 6 , we can see that the catalytic capacity of HFA in the rst nine runs does not obviously decline and the removal rate of p-NP stays >91%. From the tenth run, the catalytic capacity starts to reduce. Thus, HFA can be considered as a stable catalyst for the rst nine runs of application. We can observe that the removal rate of p-NP in Fig. 6 did not decrease signicantly with the leaching of Fe into the wastewater, which could be caused by the combined action of heterogeneous and homogeneous catalysis as discussed below.
In addition, this also indicates that heterogeneous catalysis could play a more important role than homogeneous catalysis because the leached ratio of Fe became smaller and smaller with the reuse of HFA revealing that there was less and less dissolved Fe in solution with repeated usage (Table 6) .
Compared to previous studies, 47-49 the modied CFA catalyst (i.e., HFA) is more stable and reusable than the catalysts in other studies, which can be reused 6 times, 47 3 times 48 and 4 times.
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The slow decay of the catalytic capacity of HFA contributes to the loss of active sites displayed in the form of Fe 2 O 3 on the Table 4 The pseudo first-order degradation rate constants (k ap ) at different HFA loadings 
, and T ¼ 25 C). 
, and time ¼ 20 min). surface of the HFA. As for the catalytic capacity of other metal oxides, such as Al 2 O 3 , these still need to be further studied individually. In this test, the leaching of Fe (right Y axis in Fig. 6 ) from the surface of HFA to solution causes a severe loss of active sites even though the leached ratio of iron always decreases in the consecutive experimental runs (from 0.0051 to 0.0009). The line in Fig. 7B was tted using a Langmuir model (eqn (17)):
where C e represents the equilibrium concentration of p-NP, mg L
À1
; m e is the equilibrium adsorption capacity, mg g À1 ; m s is the adsorbed saturation concentration of p-NP on the surface of HFA, mg g À1 ; and K is the equilibrium adsorption constant, L mg À1 .
We can calculate from Fig. 7B that m s ¼ 0.296 mg g À1 and
mL and HFA loading ¼ 1.0 g, under these conditions the maximum adsorption amount of p-NP by HFA is 0.296 mg in theory, accounting for 2.96% of the total amount of p-NP in the 100 mL solution. Actually, with the passage of reaction time, the p-NP concentration decreases continuously, and so the adsorption amount of p-NP cannot reach a nal value of 0.296 mg. This actual amount is so little compared to the amount that was removed by oxidation that the adsorption processes can be thought of as negligible. Some studies [50] [51] [52] [53] show that acidic conditions are appropriate in Fenton/Fenton-like processes; a higher pH could result in a remarkable reduction of the treatment efficiency of organic wastewater. Therefore, the elimination of CaO from CFA is necessary because the dissolution of CaO in water can lead to an obvious increase in the pH by generating CaOH. As shown in Fig. 8A , the proportion of CaO reduced to 1.6% (HFA) from 10.3% (CFA), indicating that the modication of CFA removed most of the CaO. This result is conrmed by the XRD results (Fig. 8B) . We can see from Fig. 8B that all of the samples have peak 1 and peak 2 in their spectra, which are the peaks of quartz and mullite, respectively. However, the new and reused HFA lack peak 3, which represents CaO.
Additionally, the mass fraction of Fe 2 O 3 and the LOI changed as well. As shown in Fig. 8A , the HNO 3 modication does not decrease the proportion of Fe 2 O 3 , but increases it (from 4.9% to 5.7%), which is helpful for increasing the catalytic capacity of the HFA. The LOI is the index of organics that are not burned completely during the burning. The carbon particles included in the LOI can cover the surface of the active sites of HFA and (Fig. 8C) . From Fig. 8C1 we can see that the morphology of CFA is presented as a bulk structure while the HFA in Fig. 8C2 shows a honeycomb structure. This reects the increase of the specic surface area and pore volume visually. The above changes have important implications on the increase in the adsorption capacity and the extension of the adsorption time, which is critical to the surface catalytic oxidation of organic pollutants (see Section 3.5.3).
3.5.3 Proposed reactions occurring on the surface of HFA and in the solution. Due to the existence of active sites on the surface of HFA and dissolution of Fe from the surface of HFA, the degradation of p-NP can occur on the surface of HFA and in the solution. The reactions that occur on the surface of HFA accord with the Haber-Weiss mechanism. [54] [55] [56] The ferric ions on the surface of the HFA (^Fe III ) can be reduced to ferrous ions via reactions (18)- (20) , and then cOH is generated subsequently on the surface of HFA through reaction (21) . During the reaction, p-NP can be adsorbed on the surface of HFA (s-HFA) (eqn (22) ) and oxidized by cOH directly (eqn (23)) without needing to spread into the solution. 
Fe
s-HFA(p-NP) n + cOH / s-HFA + product
The elimination of p-NP in the solution is analogous to the homogeneous Fenton-like reaction. As shown in eqn (1), cOH can be generated by the reaction of dissolved Fe 2+ with H 2 O 2 and p-NP can be degraded (eqn (24) ) by the diffused cOH from the surface of HFA and the generated cOH in the solution.
p-NP + cOH / product (24)
Conclusions
The CFA modied by nitric acid was applied as a catalyst in a Fenton-like process and its performance was studied in p-NP wastewater treatment. The maximum adsorption amount of HFA occupies 2.96% of the total amount of p-NP when the HFA loading is 10.0 mg L À1 , indicating that the adsorption can be The catalytic capacity of HFA is sensitive to the change of treatment temperature and a higher reaction temperature is helpful for simultaneously increasing the treatment efficiency and decreasing the treatment time. HFA has favourable stability and reusability, as it can be used 9 times with a >91% removal rate of p-NP. The nitric acid modication activates the CFA via increasing the Fe 2 O 3 proportion, reducing the CaO and LOI proportion, and via increasing the specic surface area and pore volume. The degradation of p-NP can occur on the surface of HFA and in the solution, and the latter is similar to the homogeneous Fenton-like process.
